Inductively coupled plasma mass spectrometry (ICP-MS) is the most commonly used technique to determine the abundances of trace elements in a wide range of geological materials. However, incomplete sample digestion, isobaric interferences and instrumental drift remain obvious problems that must be overcome in order to obtain precise and accurate results. For this reason, we have done many experiments and developed a set of simple, cost-effective and practical methods widely applicable for precise and rapid determination of trace element abundances in geological materials using ICP-MS. Commonly used high-pressure digestion technique is indeed effective in decomposing refractory phases, but this inevitably produces fluoride complexes that create new problems. We demonstrate that the fluoride complexes formed during high-pressure digestion can be readily re-dissolved using high-pressure vessel at 190°C for only 2 h for 50 mg sample. In the case of isobaric interferences, although oxide (e.g., MO ) ratios remain constant, making isobaric interference correction for all other elements of interest straightforward, for which we provide an easy-to-use off-line procedure. We also show that mass-time-intensity drift curve is smooth as recognized previously, for which the correction can be readily done by analyzing a quality-control (QC) solution and using off-line Excel VBA procedure without internal standards. With these methods, we can produce data in reasonable agreement with recommended values of international rock reference standards with a relative error of <8% and precision generally better than 5%. Importantly, compared to the widely used analytical practice, we can effectively save >60% of time (e.g., <24 h vs. >60 h).
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Introduction
Inductively coupled plasma mass spectrometry (ICP-MS) has been widely used for analyzing trace element abundances in all sorts of geological materials, as it can rapidly analyze most elements with very low detection limits and relatively simple sample preparation [1, 2] . Although laser-ablation ICP-MS (or LA-ICP-MS) has made it possible for in situ analysis on solid samples directly, most applications still require acid-solution analysis [3] . In fact, the three-orders of magnitude lower detection limit (vs. LA-ICP-MS) makes the solution ICP-MS analysis indispensable for elements of low and ultra-low abundances (low ppb and ppt levels). For geological samples, complete decomposition is thus prerequisite for high quality solution-ICP-MS analysis [4] . Also, the analytical precision and accuracy also depend on instrument conditions and methods employed [5] . While the ICP-MS technique has been significantly matured over the past $30 years, various isobaric interferences as the result of sample introduction and transport to the ICP remain one of the problems to be monitored and overcome [6] .
In this paper, we do not intend to review the development of ICP-MS but to briefly document the common problems, and offer a set of simple, cost-effective and practical methods for both 205 Tl using a 1 lg L À1 tuning solution containing Li, Y, Co, Ce, Mg and Tl, while keeping the formation of oxides 140 CeO + / 140 Ce + and doubly charged species Ce 2+ /Ce + ratios below 1.2%. A rock solution was then flushed for 30 min before tuning the instrument to minimize the drift. Drift corrections were done by repeated analysis of a rock sample as drift monitor (QC; quality control rock solutions) between every 4 unknown samples without internal standards. The oxide and hydroxide interferences were corrected for using a series of equations described in Section 4. Detailed procedure of instrumental drift correction is discussed and described in Section 5. The memory effect is minimized by manual analysis and observing 181 Ta count levels between samples in a wash solution of 1% Triton X-100 alternated with 2% HNO 3 .
Reagents
All solutions were prepared using ultra-pure water (18.2 MX), which was obtained from a Milli-Q water purification system (Millipore, Bedford, MA, USA). Commercially available nitric acid (68% v/v, GR grade), hydrofluoric acid (40% v/v, GR grade) were further distilled in a sub-boiling distillation system. Hydrochloric acid (36% v/v, MOS grade) were directly used. Four solutions (1, 10, 50 and 100 ng mL À1 for all elements) were prepared by gravimetrical dilution from Multi-element Calibration Standard solutions (Agilent Technologies, Tokyo, Japan) as external calibrators. Multi mono-element solutions were prepared from 1 mg mL À1 of single element standard solutions (National Center for Analysis and Testing of Steel Materials, China).
3.
A simple and cost-effective method for geological sample digestion
A brief review of digestion methods
Complete decomposition is prerequisite for geological sample analysis using ICP-MS, and it is often the limiting factor of the data quality [4] . There are many digestion methods used in routine analysis of geological samples in different laboratories, including open vessel acid digestions, microwave dissolution, alkali fusion and high-pressure (bomb) digestions. The open vessel acid digestion on hotplate is successful for aphyric/glass volcanic rocks, but is incapable of digesting rock samples with refractory minerals, such as garnet, sphene, spinel, zircon, rutile and chromite [3, 7] . Likewise, microwave dissolution with open or closed oven procedures do not have adequate energetics to digest refractory phases, resulting in incomplete recoveries of some elements [7, 8] . Alkali fusion technique is effective to decompose resistant accessory minerals, but it causes high blank levels (i.e., flux impurities) and total dissolved solids (TDS). Besides, its high Si content can also cause complex isobaric interferences [3] , plus causing significant instrumental drift during analysis due to silicate salt deposits in the interiors of the sample/skimmer cones [9] . In this case, the high-pressure digestion (bomb) method remains the method of choice, especially when applied to coarse grained granitic and metamorphic rocks [10] [11] [12] .
However, the high-pressure digestion technique is not problem free. Despite its wide use, the problems involved and produced have not been well understood. On the basis of our repeated experiments on United States Geological Survey (USGS) rock reference standards, we demonstrate these problems below and offer our effective solutions.
Experiments, results and discussion

Type of acids
Varying combination of strong acids is commonly used in the acid digestion of silicate materials, such as HF-HClO 4 [8, 13, 14] , HF-HNO 3 [1, 11, 13, 15] , HF-HCl-HClO 4 [14] , HF with aqua regia (1 HNO 3 : 3 HCl) [16] , HF-H 2 SO 4 [4, 8, 13] or HF-HBr-HNO 3 . More recently, a mixture of NH 4 F-HNO 3 [3] or HF alone [12] is also used. It is suggested that the addition of HClO 4 is more effective to attack refractory minerals, such as those of the spinel group, and helps remove fluorides [7, 17] . However, with issues such as safety and cost considered, very corrosive and explosive acids such as HClO 4 or H 2 SO 4 should be avoided in geochemical laboratories [3, 16] . Therefore, we conducted our experiments using HF-HNO 3 and HF-HCl-HNO 3 .
Digestion procedures
The USGS standard rock powders of W-2 (diabase), BCR-2 (basalt), BHVO-2 (basalt), AGV-2 (andesite), GSP-2 (granodiorite) were decomposed as follows (brief procedures were listed in Table 2 ): (1) Approximately 50 mg rock powder (grain size less than 200 mesh) was weighed in a 15 mL Teflon container, followed by the addition of 1 mL Lefort aqua regia (3 HNO 3 :1 HCl) and 1 mL HF (Method A, B) or 1 mL Lefort aqua regia and 0.5 mL HF (Method C, D, E, F) or 1 mL HNO 3 and 0.5 mL HF (Method G); (2) the Teflon container was directly placed on a hotplate at 120°C for 15 h (Method A) or inserted and sealed in a high-pressure metal jacket (Bomb) before placed in an oven at 190°C for 8 h (Method F), 12 h (Method E) and 15 h (Method B, C, D, G); (3) After cooling, the Teflon container was opened and placed on a hotplate at 130°C and evaporated to incipient dryness; (4) 1 mL HNO 3 was added and again evaporated to incipient dryness; (5) The sample was (Fig. 1a) , but is ineffective for GSP-2 with a poor recovery of Zr ($13%), Hf ($13%), Th (60%), U (80%) and most REEs (55%-76%) (Fig. 1a) . In contrast, the highpressure digestion method (Method D) shows highly effective in decomposing whatever aphyric/glass volcanic or granitic rocks or refractory phases (Fig. 1b, c) . However, the outstanding drawback of the high pressure-temperature bomb digestion is the formation of insoluble fluoride complexes in which many trace elements are incorporated as we predict from our experiments (Fig. 1b, c) .
In fact, the effect of fluorides in the high-T, high-P decompositions using bombs has been known for some time (c.f. [4] and reference therein). A quantitative evaluation by Takei et al. [15] further shows that fluoride formation is probably controlled by the chemical composition of the rock samples, in particular, the [(Mg + Ca)/Al] ratio of the sample. Accordingly, Takei et al. [15] developed a method to suppress the formation of fluorides and resulted in complete recovery of trace elements by adding Mg to the sample to produce [(Mg + Ca)/Al] > 1. It is suggested that the formation of such insoluble phases can be avoided if sample size is small and if the digestion mixture is ensured not to be completely dry during evaporation [3, 9] . However, these methods to suppress fluoride formation are difficult to achieve and are not practical in routine analysis of geological samples. This is because (1) ''pure reagent" of Mg solution is required, which inevitably demands excess time and cost; and we also must know the (Mg + Ca)/Al ratio in each unknown sample solution; (2) it is very difficult to control the extent of sample dryness, since this procedure is sample dependent [3] ; (3) it is also not recommended for small sample size because few reference materials have their homogeneity tested at the milligram scale and real samples are not expected to be more homogeneous than reference materials [7] . Hence, the aforementioned remedy is not recommended.
It is important to note that despite the efficacy of the highpressure bomb digestion technique in decomposing refractory phases, this technique also inevitably produces new and insoluble byproducts, which are suspected to be fluorides as discussed above. We predict that the byproducts may not be simple fluoride such as AlF 3 [12] , but likely more than one complex. The fact that Sr is affected suggests the presence of fluoride such as (Ca,Mg)F 2 , where Sr readily substitutes Ca. The effects on the trivalent REEs points to the presence of Al 3+ in the complex, which could be simple AlF 3 with Al substituted by REEs. However, we infer that other forms of fluoro-hydroxyl complexes are more likely, including the simple form of Al(OH) 3 or Al(OH, F) 3 because such complexes can absorb alkalis like K, Rb and Cs, which are also affected (Fig. 1b, c) . The exact nature of such byproducts is to be further investigated, but our task at present is to decompose them. Our experiments show that the byproducts formed during the high-pressure bomb digestion for 50 mg sample can be readily eliminated by re-dissolution under high pressure after evaporation. Fig. 1b and c demonstrate the data of re-dissolution using bomb at 190°C for only 2 h (Method D). It should be noted that some laboratories may choose to digest more materials (e.g., $100-200 mg), but at present we do not see the necessity of using excess materials for elemental analysis. Sample power inhomogeneity may be the potential need to use large amount of materials, but we emphasize that it is the responsibility of individual scientists to ensure complete sample homogeneity for analysis. Nevertheless, it is our interest to carry out this and other digestion experiments. Fig. 2 illustrates the effect of digestion time on analytical results for Rb, La, Sr, Hf and Zr from GSP-2 at 190°C using 1 mL Lefort aqua regia and 0.5 mL HF. The data show that Rb, La, Sr can be completely recovered by high-pressure digestion for less than 8 h, while 12 h are needed to completely recover Zr and Hf in GSP-2. To achieve rapid and cost-effective digestion, the effect of different acids was also investigated. As seen from Fig. 3 , 0.5 mL HF in combination with 1 mL Lefort aqua regia show the same efficiency with 1 mL HF + 1 mL Lefort aqua regia and 1 mL HNO 3 + 0.5 mL HF for GSP-2 using bomb at 190°C for 15 h. However, it is suggested that 18 h are needed for complete digestion of GSP-2 at above condition using 1 mL HNO 3 + 1 mL HF [12] . In this case, we choose to use the acid of 1 mL Lefort aqua regia + 0.5 mL HF (most effective) and 15 h (extra time) to ensure complete sample digestion in our routine sample analysis. Compared to widely used methods in some other laboratories (Fig. 4) [5, 7, 11, [18] [19] [20] [21] [22] [23] , our less acid and less time method of sample digestion (<24 h vs. widely used >60 h) is very cost-effective.
Effect of digestion time and type of acids
Oxide and hydroxide interferences and corrections
A brief review of oxide and hydroxide interferences
The first major group of interferences associated with ICP-MS analysis are spectroscopic interferences, which are caused by atomic or molecular ions with the same mass-charge ratio (m/z) as the analyte element of interest. While these interferences caused by overlapping isotopes of different elements can be avoided by choosing alternative isotopes or elemental equations [24] in many cases, the formation of polyatomic ions, especially oxide and hydroxide in the plasma, are still practical problems that can give rise to inaccuracies during routine ICP-MS analysis [2] . The identification of oxide and hydroxide ions interferences have been discussed in many studies [2, [24] [25] [26] . It has been well known that oxide and hydroxide ions levels are dependent on operating parameters such as plasma power, carrier gas flow rate, sample and skimmer orifice size [2, [24] [25] [26] [27] . As summarized by Evans and Giglio [26] , there are various approaches towards reducing the oxide and hydroxide ions interference, including (1) alternative sample preparation methods, such as on-line separation, precipitation or solvent extraction; (2) alternative sample introduction methods, such as desolvation, laser ablation, and thermal vaporization; (3) alternative instrumentation, such as gas addition, dynamic reaction cells and high-resolution ICP-MS (HR-ICP-MS). These methods, however, are not applicable in routine multielement analysis of geological samples using quadrupole ICP-MS (Q-ICP-MS) without desolvation systems.
Using mathematical corrections on raw data are suggested to be an alternative approach [2, [24] [25] [26] . There are many types of corrections in the literature, it is therefore necessary to test existing methods and implement an effective and simple one to apply in routine multi-element analysis of geological materials using Q-ICP-MS. The above measurement was further repeated three times in different runs. The results can be found in Appendix Table A . Notably, the results for all these runs are similar to the observation of several authors [2, 16, 24] , and two useful and important conclusions are:
Experiments and results
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(f) (f) Fig. 4 . Flow chart illustrating sample digestion (bomb procedures), interferences and instrumental drift corrections for analysis of trace element abundances in geological materials using ICP-MS in different laboratories from (a) this study, (b) Ref. [18] [19] [20] , (c) Ref. [11] , (d) Ref. [5] , (e) Ref. [21] , (f) Ref. [7] . The numbers in the left of each subplot are the procedures: ① weighing; ② first acid attack; ③ evaporation; ④ re-dissolution; ⑤ oxide, hydroxide and instrumental drift corrections.
It should be noted that the second observation was consistent with the theoretical calculations by Shibata et al. [27] . That is, there was a linear correlation between the logarithmic term of MO 
Some selected isotopes and their associated interference correction equations are given in Table 4 . Theoretical correction equations are listed in the left column, however, it needs to be adjusted in practical use on the basis of the result of the oxide and hydroxide production using mono-elemental solutions (Table 3) . Details on the correction equations used in our study are further explained as follows:
(1) To avoid over-correction, the oxide and hydroxide production ratios are used in the equations only when the correlation coefficient (R) of the linear regression is equal to or >0.95 for a given element for at least two runs. Er is 0.14%, 0.185%, 0.06%, 0.1%, 1.61%, respectively). It also means that they may be negligible in the correction in addition to their lower oxide and hydroxide production. 
Combining Eqs. (7) and (8) . In this case, it was necessary to deconvolute intensities using natural isotopic ratios.
On the basis of the experimental results and discussion above, we developed an Excel procedure to correct for the oxide and hydroxide interferences in routine analysis. As illustrated in Fig. 7 , while this oxide and hydroxide correction procedure is an approximation, it is practical and effective. This Excel procedure and related manual can be download in Appendix Table B and  Appendix Table D , respectively.
Instrumental drift during ICP-MS analysis and solutions
A brief review of solutions to instrumental drift during ICP-MS analysis in the literature
Non-spectroscopic interferences are the second major group of interferences associated with ICP-MS. Our experience is consistent with the long known behavior that the instrumental drift during ICP-MS analysis is common and usually non-linear. The degree of drift differs from one mass to the next, and the direction of drift can change frequently [1, 28] . Several methods are usually used to reduce the drift interference, single or multiple internal standards, standard additions, isotope dilution, external standard, and external calibration or a combine of several of the above [1, 12, 16, 28, 29] . Given the complex nature of instrumental drift as illustrated in Fig. 8 , it would be difficult to monitor and correct for the drift by using single or even several internal standards [1, 30] . It is considered that the method of standard additions (SA) or isotope dilution (ID) can avoid or minimize the drift, and improve the accuracy and precision [31, 32] . However, the obvious drawbacks of their sophisticated, time-consuming and expensive procedures of both SA and ID methods have limited their application.
In this case, an interesting phenomenon that although the drift is virtually non-linear and the direction of drift can change frequently, the shape of the mass-time-intensity drift curve is always smooth, as previously observed [28] using VG Fisons PlasmaQuad ICP-MS for the analysis of Ba and REEs in geological samples (We note that the drift with time is smooth for a given isotope and systematic as a function of mass with the intensity going up or down and the so-called monotonic intensity decrease was not observed with the same instrument in Yaoling Niu's unpublished data available in 1994). On the basis of these observations, Cheatham et al. [28] developed an analytical procedure (called DCS, Drift correcting solutions) and an off-line data reduction algorithm to correct for the drift. In this technique, they fit a polynomial curve, generated by repeated measurement of a ''drift correction" standard after every few unknown samples, to each isotope analyzed and apply a correction based on this curve to the measured intensity of the respective isotope. This procedure was successful with a significant improvement in analytical accuracy and precision. Liu et al. [33] further developed this procedure to correct for drift in the LA-ICP-MS technique by normalizing the sum of all the major element oxides to 100 wt.%. While the new generations of ICP-MS such as Agilent 7900 that we use have been significantly improved over the past 20 years, the instrumental drift remains an unresolved problem with drift patterns (Fig. 8) statistically and randomly similar to what were observed as before [28] . Hence, the concept of drift correction described in [28] is still applicable. Given the DCS procedure for Macintosh Excel macro is no longer available, we developed a new procedure and software.
Calibration strategy and an update Microsoft Excel VBA procedure
In this section, we describe a new procedure for drift correction developed in Microsoft Excel Visual Basic for Applications (VBA) following the concept of [28] . We aim to provide an update and free tool, which is easy to use, available to all users to correct for the drift during ICP-MS analysis. The calibration strategy is based on the following steps and equations.
Step 1: Fitting a mass-time-intensity drift curve for each analyzed element by repeated measurement of a QC (quality control) solution, as shown by Eq. (10)
where t = the time interval between the first QC and the following QC (or sample), Iqc i ðtÞ = intensity of element of interest i in the QC at time t, and m 0 , m 1 and m j are the coefficients of the polynomial.
Step 2: Calculating the intensity drift factor for each analyzed element at given time.
It should be noted that the first QC is measured after the standard solutions, which is assumed to have no drift. This assumption and Eq. (10) imply that the intensity drift of each analyzed element at any time of an unknown sample analysis can be obtained, e.g. Eq. (11) = the intensity drift factor of element i at time t.
Step 3: Calibrating the drift Combining Eqs. (10) and (11) Following the above steps and strategy, we developed an offline Microsoft Excel VBA procedure (TraceCAL) that completely automates all calculations to correct for the drift during ICP-MS analysis. The VBA procedure TraceCAL 1.1 and relevant Microsoft Excel VBA codes and manuals can be downloaded in Appendix  Table C and Appendix D, respectively. It should be noted that the current version of TraceCAL 1.1 was designed to correct for the Fig. 9 . The relative standard deviation (RSD % = 1r Â 100/average) from the determined average values of five USGS standards for elements given using different individual digestions and analyses. The dash black and red line show RSD% = 3% and 5%, respectively. drift using concentration of analyzed elements rather than intensity, because of their linear correlation. The update version, which combines oxide, hydroxide and drift corrections, are to be made available soon. In addition, on the basis of the long-term practice in our lab, we recommend each run of samples should be within 4 h, beyond which oxide, hydroxide and drift corrections may become ineffective.
Analysis of reference materials
Table 5a-b shows results for five USGS rock reference standards (BHVO-2, W-2, BCR-2, AGV-2, GSP-2) analyzed in our laboratory using the methods described above. The values for BHVO-2, W-2, BCR-2, AGV-2, GSP-2 are averages of many analyses of individual digestions/solutions (Table 5a -b). The data give precisions generally better than 5% for most elements (Fig. 9) . Accuracy, as indicated by relative difference (RE) between measured and recommended values of Govindaraju [34] and GeoReM (http:// georem.mpch-mainz.gwdg.de/) is better than 8%, with many elements agreeing to within 5% of the reference values. Exceptions are: (1) Li (4.16 ppm) in BHVO-2, which is about 13.2% lower than the reference value (4.8 ppm); (2) Li (9.94 ppm), Be (2 ppm), Cr (15.2 ppm), Ni (17.2 ppm), Co (14.7 ppm), and Cu (46.9 ppm) in AGV-2, which are about 10% lower than the reference values; (3) Li (8.4 ppm) and Be (0.58 ppm) in W-2, which are 9.7% and 19% lower than the reference values, respectively; (4) Cr (14.8 ppm), and Pb (9.4 ppm) in BCR-2 are about 15% lower than the reference values; (5) Be (1.35 ppm), Ni (15.2 ppm), Cu (39.4 ppm), Ta (0.82 ppm) in GSP-2 are about 10% lower than the reference values, and Ce (446 ppm) is 8.7% higher than the reference values. These discrepancies between our analyses and reference values, however, are in good agreement with the recent published data (Fig. 10 ) [12, 23, [35] [36] [37] . It is also notable that the Nb value we obtained for all the five USGS standards are about 9% lower than the reference values, which may be due to inaccurate Nb concentration in our Multi-element Calibration Standard solutions. Accordingly, the Nb concentration measured in our samples can be corrected if proven to be necessary.
Conclusions
(1) While the high-pressure digestion technique is effective in decomposing refractory phases, it also introduces insoluble byproducts, whose exact form or forms are yet to be further investigated, but they are most likely fluorides and fluorohydroxyl complexes, including (but not limited to) (Ca,Mg) F 2 , Al(OH,F) 3 . Nevertheless, these byproducts can be easily eliminated by re-dissolution using bombs at 190°C for only 2 h for 50 mg sample. This is a very cost-effective advancement in ICP-MS analysis of geological materials. ratios remain constant. With this observation and by determining oxide and hydroxide production using monoelement solutions, we developed an off-line procedure for oxide and hydroxide corrections from the raw data by using a set of equations. (3) The instrumental drift during ICP-MS analysis observed in early days [28] remains a major analytical problem with drift patterns as a function of time in an analytical run and systematics as a function of mass randomly and statistically the same and unresolved. We have thus, following the concept of [28] , designed an off-line procedure for correcting instrumental drift without the need of internal standards.
(4) On the basis of many purpose-designed experiments for sam
